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Hydrocolloids are well known for their wide use in for many products provided by many branches of the food industry. More and
more they play an important role in many applications of the avant-garde cuisine, where according to many chefs their real strength is
determined by their isolated use, rather than in combinations with other food thickeners and gelling agents. Indeed their thoughtful use
in dishes and food systems allows developing sensible physical and more systematic ‘‘models for taste’’ in (molecular) gastronomy. The
physical origin of taste development and taste release by structural changes in the mouth one of the subjects discussed in this paper. The
general goal is the developments of models for structure–property–taste relationships on the basis of molecular material laws, which
have their origin buried in the soft matter sciences. In this publication we are going to demonstrate, how simple ideas from polymer
physics, including theory allow a deeper understanding of rheological properties and taste parameters. As an example we study mainly
role of xanthan and develop a new type of model for its physical and gastronomic properties. These models can, however, provide a
deeper understanding of molecular processes in food science beyond food technology.
& 2011 AZTI-Tecnalia. Production and hosting by Elsevier B.V. All rights reserved.Introduction
Hydrocolloids are in most cases water-soluble large
molecules, which enhance properties such as viscosity
dramatically. This makes their application in food and
cooking obvious. Well-deﬁned changes of the ﬂow proper-
ties yield signiﬁcant effects in taste and mouth feeling
(Handbook, 2000). Creams or with special ﬂow properties
stay longer in the mouth and release their taste slower, so
that they match ﬂow times for certain molecular processes
match relevant time scales of the sensory experience. Such
applications are well known in food industry. In most
cases hydrocolloids are used to stabilise the mouthfeeling
of a certain product under the natural and possible
variation of physical parameters, such as acidity, salt or
sugar content and basically the temperature, under which
the product is eaten, e.g., directly out of the fridge or after
some warming at room temperature. However, since their
use in ‘‘molecular cooking’’ their special features becameee front matter & 2011 AZTI-Tecnalia. Production and hostin
fs.2011.11.012
roduction and hosting by Elsevier
ess: thomas.vilgis@mpip-mainz.mpg.deavailable to new applications and the products are used on
a practically basis by a broader public (Adria el Bulli, 2005;
Vilgis, 2007).
In molecular gastronomy hydrocolloids are basically
used as texturizers, which change the physical behaviour
of liquid in a well-deﬁned and systematic way, which
allows a different unusual taste release that in low viscose
liquids, whose taste does not stay too long in the mouth.
Despite its simple and almost trivial nature of the
statement a number of non-trivial physical facts come
along. The most obvious one is the effect on the taste
itself. Since the viscosity is enhanced, the ﬂow properties
are reduced and the liquid stays longer over the tongue.
Alone this has to effects. The taste receptors those for
sour, sweet, bitter, salty, umami and fatty taste are for
quite some time longer under the inﬂuence of the
molecules which trigger them, the taste becomes
enhanced. A more secondary effect is more important.
During the time the food stays in the mouth, the
temperature of the liquid changes. During this process
more of the volatile compounds responsible for theg by Elsevier B.V. All rights reserved.
Fig. 1. The viscosity enhancement of a simple ﬂuid by larger collodial
particles. The colloidal additives slow don the motion by their presence.
The resulting viscosity enhancement is to loewst order given by the
volume fraction of the colloids. The spheres do not have to be spheres.
They can be for example also ﬂexible polymers with an effective
(hydrodynamic) radius.
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rate. Hence the sensory effects are also enhanced.
These naı¨ve thoughts suggest a number of physical
requirements for a simple theory for the structure property
taste relationship: (a) the description of the rheological ﬂow
properties, via the viscosity and the physical behaviour of the
ﬂuid, (b) a more detailed description of possible mechanisms
of the taste release. Whereas point (a) is a physically well-
deﬁned question, which just relates physical quantities
describing the ﬂuid mechanical behaviour of the liquid with
typical sensory quantities for the taste experience.
Already such statements yield a simple provides naı¨ve
ideas in the basic connections between food properties,
likewise the viscosity Z and typical taste experience t*. For
the introduction a naı¨ve dimensional analysis will be
sufﬁcient. Somehow it is obvious that the taste becomes
optimised, when molecular and sensory time scales match
each other. In the simplest version, the viscosity is the
proportionality constant between the shear stress s and the
shear rate (Ferry, 1980)
s¼ Z_g:
Shear stress s and shear rate _g are controlled by the
tongue, and the ﬂow properties by the individual geometry
between tongue and palatine. However, this naı¨ve equation
deﬁnes a time scale t via the shear rate, which relates
roughly the viscosity to the shear stress by
tpZ=s:
For a given shear stress the timescale is therefore
controlled by the viscosity only and depending on the
detection time t* determined by physiological properties,
such as receptor distance, an optimal taste sensation can be
deﬁned when t* and t are equal or of a very similar order.
Therefore it is desirable to adjust the viscosity in such a
way that these two times are similar.
Point (b) is more delicate and requires more thoughts,
since some of the taste compounds are water soluble whereas
others are hydrophobic, but still bound in the ﬂuid by special
conﬁgurations of the water molecules forming cages around
single hydrophobic volatile compounds. This suggests that a
more detailed theory is needed, which describes the binding
of the water in ionic or charged hydrocolloids.
Elementary theory of the viscosity enhancement by colloidal
additives
The viscosity enhancement of ﬂuids by adding uncharged
colloidal particles goes already back to Einstein (1911)
(de Gennes, 1976) and is described by a simple (ﬁrst order)
equation which can be derived by an effective medium
theory
Z¼ Z0ð1þ5=2fÞmaccomma; ð1Þ
here Z0 is the viscosity of the pure ﬂuid, which becomes
enhanced by the volume fraction f of the added particles
of a certain diameter (see Fig. 1). The geometric factor 5/2appears naturally since the particles are assumed to be
spherical. The physical picture of this equation is quite
simple. The smaller particles forming the pure ﬂuid, e.g.,
water, move according to their thermodynamic timescale,
which is basically determined, by the thermal energy kBT
and their interaction between them. The larger particles
slow down this motion, since they are bigger and usually
heavier. The net effect therefore is an enhancement of the
viscosity.
This simple theory applies for any additives of basically
spherical nature. It is also valid for neutral, on average
isotropically shaped polymers whose radius of gyration is
described by simple scaling relations of the form (de
Gennes, 1976)
RﬃbNn ð2Þ
where b is the size of an elementary unit, called the
monomer unit or repeat unit. N is the polymerisation
degree, which corresponds to the total length of the chain
molecule bN. The exponent n deﬁnes the shape of the
polymers, i.e., for n¼1, the chains are described by rigid
rods and n¼1/2 the chains are randomly coiled. Indeed the
case of stretched chains will become important later, when
we discuss in more detail the physical aspects of Xanthan,
an important hydrocolloid in molecular gastronomy (Fig. 1).
Charged hydrocolloids: polyelectrolytes
Linear polymers, compared to highly branched systems
have indeed the advantage, that they are much better soluble.
Polar and charged polymers, so called polyelectrolytes are
even better, since their shape and thus their effects on the
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nounced. Many hydrocolloids are polysalts, e.g., sodium
alginates, which dissociate sodium ions along the chain
during water solution. The chains become then negatively
charged and form moderately charged polyelctrolytes.
Their shape is signiﬁcantly different compared to ﬂexible
polymers since the negative charges along the chain repel
each other strongly. Consequently the chain appears more
stretched as uncharged chains and do not form a coiled
structure. The balance between entropy, (strong coiling) and
energy (strong repulsion) yields moderately stretched chains,
according to the charge fraction, given by the dissociation
equilibrium, which can be estimated as (de Gennes, 1976;
Nordqvist and Vilgis, 2011)
Rﬃb lBf
2
b
 1=3
Nmaccomma; ð3Þ
here lB¼e2/(4pekBT) is the so-called Bjerrum length, which
combines the elementary charge e, the thermal energy kBT
and the dielectric constant e of the solution. The extension of
the chain R is therefore mainly determined by the charge
fraction f and the chain length N. Since the chain size is
linearly proportional to the chain length, the polyelectrolye
appears as stretched out along its contour.
Whenever (monovalent) salt is added, it dissociated into its
ions, which weaken the effect of the charges along the chain.
So the interactions between charges become screened and the
Coulomb repulsion becomes renormalized to a Yukawa
form, i.e., a Debye–Hu¨ckel screened potential
VCoulombðrÞp
1
r
-VDebye2Hu¨ckelðrÞp
1
r
expðr=xÞ ð4Þ
where r denotes the distance between two charges. The
screening length x introduced on the right hand side of
Eq. (4) is deﬁned by the total amount of ions present,
x2¼4p(cI). Here cI is the concentration of the salt as well
(Barrat and Joanny, 1996). The screening effect can be
understood easily in physical terms. The dissociated salt ions
of opposite charge will be attracted by the charges along the
polymer contour and will screen their effect. Indeed this is
what the Debye–Hu¨ckel potential suggests. For very high salt
concentrations, which means very small values of the screen-
ing length, the Debye–Hu¨ckel potential becomes very short
ranged. The size effects coming from the charges disappears
then more or less completely. Even though this looks very
much like a theoretical law, the change of the interactions has
many consequences in gastronomy. Whenever salt (or ions) is
added to a complex liquid, its ﬂow or gelation properties are
changed accordingly. With the knowledge of the potentials
these effects can even by quantiﬁed (Vilgis, 1988; Barrat and
Joanny, 1996).
This screening effect has quite some relevance for culinary
applications of any thickening (or gelling) agent. Since the
presence of salt in any liquid like sauces or broth will screen
the interaction, it will change the shape of the polymer and
thus its effect on viscosity. The polymers in a salty solution
will shrink, and so the viscosity enhancement becomesreduced, with the effect, that salted liquids need a higher
concentration of the thickening agent, to compensate the
conformational effects. This large-scale effect indicates
already, that thickening is strongly dependent on salt con-
centrations. Or example, it is straightforward to estimate that
the concentration cs required under salt conditions scales
inversely with the ratio of the chains sizes to the third power
cs ¼ c0
R0
Rs
 3
: ð5Þ
Since due to the screening effect the chain size in the
salty solution Rs is always smaller compared to the size in
the unsalted solution R0 the concentration increases. This
simple result suggests a rule to chefs about the effect of
thickening and the salt content.
We have so far ignored secondary effects between ions
and water. There are also strong local effects, which have
to be taken into account, as will be shown in the next
section.Local ionic interactions—water binding at local scales
It is well-known that the function of ionic hydrocolloids
is based on a strong water binding. On local, atomic scales
other charge effects dominate the physics. It is well known
that ions collect hydrate shells around each other and bind
water molecules in a dynamic way, which causes large
amount of ‘‘bound’’ water around the hydrocolloid mole-
cule as indicated in Fig. 2. Of course during this dynamic
binding the dipolar water molecules are oriented according
to the charge. The negative side of the water molecule (the
oxygen) will be repelled by the negative charges of the chain,
whereas the positive side, the two hydrogens, are attracted.
This means that the next layer of the water molecule will be
again slightly oriented by a balance of the charged chains
and the orientation of the ﬁrst layer of the water molecules.
Thus a cloud of water molecules surrounds the hydrocol-
loid. However, there comes an important and interesting
problem with it. When the charges along the hydrocolloid
are surrounded by water molecules in speciﬁc preferred
orientations, what will happen with the Coulomb repulsion
of between other charges, such as salt ions or other charges
of neighbouring hydrocolloid chains in the system?
To answer the question of the change of the local
interaction on atomic scales, we consider two charges and
the orientation of the dipolar water (see Fig. 3). Since the
dipoles are oriented according to the charges, several
conﬂicting and non-conﬂicting situations appear, when the
charges are brought together art small distances. As drawn
in the schematic ﬁgure it can be seen that the case of
opposite charges yields non-problematic situations for the
water molecules. The dipoles in the hydrate shell can orient
accordingly. The case of equal charges is more problematic.
Due to the strong charges the water molecules take a certain
orientation, but if they satisfy this requirement, they become
‘‘badly’’ oriented in the shell, which requires are
Fig. 2. The charges of the polyelectrolyte chains collect a large amount of water around them. The ‘‘bound’’ water molecules show a different, though
slowed down dynamics compared to the bulk water molecules. Effectively the diameter of the hydrocolloid chain becomes larger. Local effects inﬂuence
larger scale effects in an intriguing way, therefore viscosity enhancement is a typical multiscaling problem (Vilgis, 2010).
Fig. 3. Charges orient themselves according to the charges of the corre-
sponding ions. The behaviour of the water molecules in the case of opposite
charges is drawn on the left. Such situations are in favour of the overall
orientation. The effect of the charges becomes even enhanced. At the right
part of the ﬁgure the case of equal (negative) charges is shown. Such
situations will create ‘‘frustration’’ for the water molecules. Despite these
slight effects happen on a local scale, they will inﬂuence the strength of the
hydrate shells due to local changes of the electrostatic Coulomb potential.
Fig. 4. The interactions V/kBT between sodium and sodium, chloride and
chloride, and sodium and chloride ions as a function of the distance r
between the ions. At large distances, the potential between the ions
follows the classical long range Coulomb potential. In contrast to small
distances between the ions, where the local interactions with water
molecules and their speciﬁc orientation matter. Depending on the sign
of the charges additional minima and maxima can be found. These are the
result of the dipole–ion interactions between the water molecules and the
ions (Hess et al., 2006).
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water molecules. Thus they take a ‘‘frustrated’’ orientation.
The local charge–dipole orientation effects will ﬁnally
change the Coulomb potential on local scales. Such studies
can only be carried out using extended atomistic computer
simulations. In an extended study this has been done using
sodium and chloride ions immersed in water. Of course
they will change the local orientation and dynamics of the
water molecules, which induces local deviations of the ion
interactions. How strongly the Coulomb interaction poten-
tial changes has been demonstrated in extended computer
simulations where the energies have been computed using
quantum chemical methods (Hess et al., 2006), and the
results are summarised in Fig. 4.
The local, water mediated change of the interaction is
quite substantial for the water binding and the behaviour
of water in thickened liquids.However, such effects do prevent the development of an
easy and general model for the structure–property–taste
for hydrocolloids in general. On the other hand there is a
quite amazing system, which allows some predictions for a
simple and more general theory.
Shear dependent mouthfeeling: a simple theory for Xanthan
A very effective hydrocolloid is the molecule Xanthan, a
highly water-soluble polysaccharide, which has tremendous
Fig. 5. The schematic structure of Xanthan molecules. The rigid back-
bone becomes even more rigid by the strong repulsion of the negatively
charged side branches (Vilgis, 2010). For a simple physical model the
molecules can be viewed as rigid rods with a certain thickness (order of
the side chain length) and a relatively high charge.
Fig. 6. The water binding of Xanthan is for many applications signiﬁcant,
as it is here shown through the example of homemade tomato ketchup.
The left part looses its water, because no Xanthan has been added. In the
portion on the right a small amount (0.3%) of Xanthan has been added.
Even after a long time the water is kept inside the ketchup. Needless to
say, that the ﬂuids will differ strongly in the mouth feeling.
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molecule consists of a sugar backbone, where each monomer
is branched and upon dissociation charged. Basically
Xanthan consists of highly charged polyelectrolytes. The
molecules are more or less rigid, even the chemistry of the
backbone does allow for chain ﬂexibility. The charged side
chains, however, repel each other strongly, so that the rigidity
has a strong electrostatic component (Fig. 5).
Moreover it has been found that the thickening proper-
ties are not very much dependent on acidity, salt content
and even temperature. There is also some evidence that
two Xanthan molecules form a double helix which even
stiffens the individual molecules further. Therefore we may
approximate the Xanthan molecules as rigid charged rods.
This approximation is at least in accordance with the
observation that the thickening properties are independent
of the salt content and acidity. In addition, scattering
measurements have shown that the persistence length of
Xanthan molecules is very large, so that the stiff rod
approximation is sufﬁcient for the purpose of this paper.
The charges and the resulting high water solubility
provide a sound basis for basic applications of Xanthan
in the modern avant-garde gastronomy. Since the charge
fraction of the chain or double helix respectively is high,
Xanthan shows strong water binding properties in the
sense discussed in general terms above. In the food
industry the molecule is basically used a simple thickener
or stabiliser, for example in fat reduces mayonnaises,
creams and other convenience products. The typical
example is the water binding in ketchup products, where
Xanthan plays a major role. In Fig. 6 the water binding is
demonstrated on homemade tomato ketchup.
For this simple experiment tomatoes have been mixed
cooked together with spices, herbs, sugar, a bit of vine and
pressed through a sieve, to remove solid particles. Part of it
was stored after cooling. To the other part a small amount
of Xanthan has been added (0.3%). In this case no water is
released after storing time. In addition the mouthfeeling of
the ‘‘xanthanized’’ ketchup was much better, since its
structure (perhaps texture) gave a more ‘‘mouthﬁlling’’
sensation due to the enhanced rheological properties. This
is quite interesting, since the basic liquid and the basic taste
of both samples is the same, and the different mouthfeeling
comes practically only by the change of the rheological and
thermodynamic properties.A trivial application is indeed the production of
‘‘ketchup’’ from every tasty liquid, which can serve as an
side effect for various dishes. For example in the taste
direction ‘‘sour’’ it is a simple exercise to make a green
ketchup out of sour gherkins (cornichons). These can be,
together with some of the spiced liquid, blended in a mixer,
and then sieved to remove large solid particles. With some
extra portion of the sour liquid, Xanthan can be rehy-
drated and after lumps have been dissolved mixed under
the blended gherkins, such that the ﬁnal Xanthan concen-
tration is about 0.8–1.5% (depending on the amount the
solid part coming from the gherkins). Of course the
Xanthan can be mixed under directly under the blended
gherkins. In this case some air will be beaten inside the
liquid. The air bubbles will remain in the highly viscous
liquid and thus they give some ‘‘light, airy sensation’’ to
the green ketchup. The air bubbles yield again to another
textural feeling. Again this example shows the complex
interplay between structure and taste (Fig. 7).
Ketchup type liquids as ‘‘orientational glasses’’—a simple
theoretical model
A large part of the well-accepted mouth feeling of
tomato ketchup goes back to the extraordinary rheological
properties. The ketchup can be described by a liquid,
which has at rest gel properties; sometimes these are called
pseudo gels. At rest the liquid looks like a solid as long the
liquid remains at rest. The well accepted feature of the
mouth feeling comes indeed from the fundamental rheo-
logical behaviour of the ﬂow that Xanthan stabilized
liquids. To shear such liquids a certain yield stress is
Fig. 7. ‘‘Green ketchup’’ made out of gherkins. The mouth feeling is close
to classical tomato ketchup; the taste is of course very much different.
The fruity sour nature yields a unusual taste experience. The shape of the
top remains forever. Despite the gherkin ketchup is a in physical terms a
liquid it shows at zero shear solid-like behaviour.
Fig. 8. At low concentrations (left ﬁgure) only a few rods are present.
They are able to move practically freely. At higher concentrations the rods
hinder themselves strongly. The signiﬁcant electrostatic repulsion prevents
an overall ordering to liquid crystalline phase. As a consequence the rods
‘‘freeze’’ at arbitrary positions at certain (random) distances and orienta-
tions. This effect is more pronounced for long rods, i.e., long Xanthan
molecules. Thus high molecular weights are needed for an effective
thickening.
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allows the motion of the particles. The thickener Xanthan
is one favourite example, which induces such rheologial
processes (Lopez et al., 2004; Sanderson, 1981). This can
even be demonstrated by a simple physical model that will
be discussed below.
As mentioned earlier, Xanthan molecules are basically
stiff and form eventually double helices involving two
macromolecules. Such basic units can be treated as stiff
rods, at least for the theoretical model under discussion
here. Hence the charge of these basic units is also large and
we may assume that these charges are distributed con-
tinuously along the contour of the stiff rods. We assume
that the rods have the length L and effective charge of the
order fe(L/b). As above e denotes the elementary charge,
f the dissociation degree (charge fraction), and effective b
the diameter of the rods, the charge density can thus be
described by fe/b. Obviously the charge increases with the
length and the dissociation. If now two long and highly
charged Xanthan units come close to each other they will
be strongly repelled. As long as the concentration is low no
problem appears, since the charged molecules can always
avoid each other and minimise the repulsion energy by
keeping far from each other. At larger concentrations this
becomes more and more difﬁcult and it is not easy for the
rods to keep distance from each other. Moreover the rods
will, for moderate concentrations not order, since the
electrostatic energy of parallel charges rod is larger, than
when their orientations form an angle between them.
Consequently, this idea suggests that under increasing
the concentration the stiff Xanthan molecules will ‘‘freeze’’at a certain ‘‘critical concentration’’. This immobilisation
of the rods causes the transition to the soft solid-like
behaviour of the ketchup-like liquid at zero shear. The
immobilisation is such based on multiple compromises at
ﬁnding the lowest energetic state of the molecules as an
ensemble: at one hand, the molecules should maintain a
large distance from each other. On the other hand the
increasing density prevents them for doing so. This
behaviour is sketched in (Fig. 8).
The immobilisation transition of the Xanthan molecules
(resp. Xanthan double helices) is a cooperative effect and
can even be considered as a ‘‘glass transition’’ (Edwards
and Vilgis, 1986; Nordqvist and Vilgis, 2011), where some
of the rods take ‘‘frustrated’’ conformations in a cage,
which is formed by the other surrounding rods. The critical
concentration c*, where this transition happens can be
estimated as
c*p
1
bL2ð1þðlBf 2=bÞ3ðL=bÞÞ
: ð6Þ
This result is quite interesting. For uncharged rods f¼0,
the critical concentration goes back to the classical mean ﬁeld
result for the jamming transition, which has been derived some
time ago (Edwards and Vilgis, 1986). The result c*p1/bL2
corresponds to the glass – or jamming – transition of an
ensemble of rods, which has been derived in Edwards and
Vilgis (1986). Note that, as in Onsager theory, bL2 corre-
sponds to the excluded volume of two stiff rods.
The charges add an important term in the sense that it is
strongly dependent on the molecular weight of the rods,
which depends on the forth power. The cubic power in the
length L of the Xanthan molecules indicated that the
critical concentration is very small, whenever the Xanthan
molecules are long, and explains why already very small
Xanthan concentrations show a very strong effect on the
thickening. The physical meaning of the term added by the
electrostatic effect in the denominator by Eq. (6) regards
the ‘‘increase’’ of the effective excluded volume due to the
repulsion. Of course, Eq. (6) is a simple approximation,
but describes the basic properties of the thickening.
Fig. 10. Highly oriented domains yield better packing, but the energy is
too high for keeping them stable. Due to the high charges they repel each
other, so that the molecular bundles break apart, at least for salt
concentrations in the physiological and taste relevant range.
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relevance for gastronomic applications. It shows that
indeed the relevance of thickening effects of Xanthan: a
small amount yields a huge effect. When the critical
concentration is reached (which is still a small amount of
added Xanthan) the jamming transition takes place and
the liquid shows the ketchup effect. It is important to
realise, especially for gastronomic applications, that in
most cases it is useless and counterproductive to increase
the Xanthan concentrations far beyond the critical value
c*. The mouth feel will become worse, despite a further
increase of the mechanical properties, such as the yield
stress. Overdosing yield eventual phase separations and
heterogeneities, with the effect, that the mouth feel will
become even slimy, due to these heterogeneities.
An important issue in Xanthan thickened liquids is the
yield stress. The size of the yield stress provides a measure,
when the liquid softens under motion of the tongue. Since
the human sensors are very ﬁne in this context, the yield
stress becomes indeed another important quantity to be
discussed in a structure–property–taste relationship. Again
a simple physical picture can be developed by using the
model under discussion.
To do so, we consider a similar situation as depicted in
Fig. 9 but this time under shear. Small shear rates will not
disturb the general ‘‘frozen’’ jamming situation, since the
energy related to the shear ﬁeld does not overcome the
overall energy, which is deﬁned by the random jammed
situation. Only larger shear rates are able to do so.
Large shear rates, however, will force the rods to more
parallel conformations. Therefore the entire system is
forced out of its local minimum. This will enable motion
since the rods which are oriented grossly parallel will slide
along their contour direction such that the electrostatic
energy is no longer changed very much (see the cartoon in
Fig. 9). Thus the Xanthan solution ﬂows upon a critical
shear stress (slightly above the concentration c*), the yield
stress, s*, which can be roughly estimated to
s*p
kBT
b
lBf
2
b
 
L
b
 2
: ð7ÞFig. 9. Shear forces will inﬂuence the conﬁguration of the rods, whenever
the shear is large enough, so that the external energy from the shear will
be able to distort the rodlike molecules out of their frozen (non-
equilibrium) position. Only shear ﬁelds which are strong enough will be
able to change the position of the rods via hydrodynamic interactions.
The rods are forced to paralyse and can then move with respect to each
other without too much energy cost. The cage of the labelled rod is now
open and the liquid ﬂows at larger shear forces.The physical limits of this equation make sense, since (a)
for short rods (small L) and (b) for uncharged rods (f¼0)
the critical shear stress becomes small, which is in accor-
dance with the physical intuition. The shear stress again
depends strongly on the molecular weight of the molecules.
As soon as the shear stress falls under the critical shear, the
motion ceases and the liquid behaves again as a solid. Of
course then the molecules ﬁnd themselves in a different
orientation to each other than before. Large shear rates,
however, will force the rods to more parallel conforma-
tions. Therefore the entire system ﬂows. More technical
rheological studies concerning these issues have been
published by additional work by us (Nordqvist and
Vilgis, 2011) in a work combining Xanthan with other
gelling agents to enhance the mouth feel.
An important scientiﬁc question remains to be clariﬁed:
why do the stiff xanthan molecules under zero shear not
pack densely and form liquid crystalline micro-domains—as
expected usually with uncharged rods, as cartooned in
Fig. 10? The answer is relatively simple. Parallel oriented
charged rods have the highest energy of repulsion. So the
rods tend to ‘‘freeze’’ on arbitrary, but energetically tolerable
random directions, which yields nice and physically control-
lable culinary sensations.
Conclusions and future perspectives
The simple physical models and ideas developed in the
present paper suggest that applications of polymer physics
including theoretical models improve a deeper understand-
ing of food from microscopic, mesoscopic to macroscopic
length scale. Even when these models appear to be naive
and oversimpliﬁed, they imply ‘‘universal’’ properties
which are useful to food science and gastronomy.
In current studies we investigate experimentally and
theoretically the physical interactions of xanthan with differ-
ent hydrocolloids and gelling agents. First results show again,
how their physics and modelling suggest a systematic inter-
play based on physical parameters. These results do not only
lead to better structure–taste relationships, they also indicate
a clear landscape of their systematic combination. These
conclusions will allow to reduce the number of food
T.A. Vilgis / International Journal of Gastronomy and Food Science 1 (2012) 46–53 53texturizers in a dish and pronounce special mouth feelings in
a better than by than by ‘‘random mixing’’.
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